Abstract-Electric spring (ES) was originally proposed as a distributed demand-side management technology for making noncritical loads adaptive to the availability of intermittent renewable power generation. The second generation of ES, fed with batteries (ES-2) and associated with a noncritical load, can form a new kind of combined smart load and distributed energy storage technology for smart grids. With its four-quadrant operation, ES-2 is able to offer ancillary grid services in addition to its major functions of voltage and frequency regulation. This paper presents the operating principles and the input current control of ES-2 for power quality improvement such as power factor correction and harmonics reduction. The operating principles and the proposed input current control have been verified with the experimental results obtained from a smallscale power grid. Another weak single-phase power system fed by intermittent wind power is set up to prove the combined operation of ES-2 for power quality improvement and ES-1 (ES with capacitor storage) for voltage stabilization. The experimental results show that ES-2 with input current control can carry out power quality improvement as its ancillary function.
Use of Smart Loads for Power Quality Improvement I. INTRODUCTION T HE Paris agreement on climate change has reaffirmed the goal of limiting global temperature rise below 2 degrees Celsius, while efforts are urged to keep the temperature rise preferably less than 1.5 degree Celsius. The use of renewable energy such as wind and solar power is an obvious choice adopted by many countries. But increasing use of intermittent renewable power gives rise to new instability issues in power grid. New control methodology is required to maintain instantaneous balance between power and demand. Smart grid technologies based on remote control and two-way communication [1] , [2] , real-time monitoring [3] , flexible transmission [4] , intelligent generation [5] , and engaging demand [6] have been proposed. Among them, demand-side management for intelligent power consumption has attracted much attention. At present, various methods for demand-side management have been proposed. They can be classified into time-based strategies and incentive-based strategies [7] . In general, the demand-side technologies require the participation of end users in making the decision of whether to respond to requests broadcasted by grid operators [8] . One obvious drawback is that the demand response with human-in-loop cannot enact automatically and is thus insufficient in resisting unpredictable contingencies [9] . The energy storage system located at the demand side can smooth the demand profile and react fast to transient events, but it remains an expensive solution [10] .
Based on power electronics technology, the electric spring (ES) offers a fast solution in addressing power quality issues on the demand side. It possesses a few distinctive features, including the abilities to: 1) conduct direct reactive power compensation in maintaining a stable mains voltage; 2) offer indirect active power control in allowing the demand to follow the availability of renewable generation in a continuous and instantaneous fashion; and 3) operate without critical communication infrastructure. The association of an ES with a noncritical load (such as an electric water heater) essentially turn the load into a smart load that consumes energy adaptively. In typical commercial and residential buildings, about 45% of loads can be considered as noncritical [11] .
The ES-1 presented in [12] uses reactive power of the power inverter and modulates the active power of the noncritical load to stabilize the mains voltage. Its second version (ES-2) proposed in [13] has more diverse functions. By adding battery storage across the dc link, ES-2 possesses eight operating modes and can provide both active and reactive power compensations. ES-2 with its associated battery storage also forms a new kind of combined smart loads and distributed energy storage technology. Based on ES-2, the three-phase ES was first introduced in [14] . It was implemented to reduce the power imbalance in a three-phase four-wire power system and also retains the useful function of ES-1 for voltage stabilization. Since the first paper in ES appeared in 2012 [12] , active research on this topic has been conducted in the U.K. [15] [16] [17] , Denmark [18] , [19] , China [20] , Singapore [21] , [22] , Middle East [23] , [24] , and India [25] , [26] .
The original uses of distributed ES focus primarily on the instantaneous balance of power supply and demand with the aims of mitigating voltage and frequency fluctuations caused by the injection of intermittent renewable energy into the power grid. This project explores new application potential of ES-2 in improving the power quality of the distribution (lowvoltage) power grids, whilst retaining their original functions.
Unlike traditional flexible AC transmission (FACT) devices that are installed in a centralized manner for improving power quality and controlling power flow in high-voltage and medium voltage transmission networks [27] [28] [29] [30] , ES is a distributed technology installed in the low-voltage distribution networks. The ES deals with the power quality issues on the demand side in a highly disturbed manner. Numerous ESs are expected to be distributed over the power grid in order to support system stability and provide power compensation (i.e., an analogy of using an array of mechanical springs to support a mattress). Thus, ES-2 can be perceived as a decentralized type of series power compensator that can voluntarily adapt the power of noncritical load in maintaining the supply-to-demand balance and possesses the power factor correction (PFC) features. This paper is an extension of a conference paper [31] and includes the full analysis and additional experimental results. These new results confirm that the integration of ESs and adaptive loads can perform PFC at both stable power grids and weak power grids.
II. PRINCIPLES OF THE ES FOR PFC

A. Operating Modes of ES-2
ES-2 is formed by adding a battery across the dc link of the original version (Fig. 1) . Compared with ES-1 with capacitors, ES-2 can generate a voltage with any arbitrary phase angle, thereby allowing both active and reactive power to be exchanged. Compared with ES-1, ES-2 can provide six more operating modes in addition to inductive and capacitive mode.
The typical setup of the ES in a simple distribution grid is shown in Fig. 1 . The operating mode of ES-2 is determined by the phasor relationship of V es and I nc . For ES-1 with capacitors, V es can only be perpendicular to I nc . However, for ES-2, V es can be in or out of phase with I nc to give two more primary operating modes: 1) negative-resistive mode when an ES generates active power by discharging the batteries; and 2) resistive mode when an ES active power by charging the batteries. Thus, ES-2 possesses four primary operating modes. Building upon this, four other secondary operating modes, which are combinations of the four primary operating modes, are possible additions.
To simplify the discussion, the following assumptions are made. In the distribution power system given in Fig. 1 , the mains voltage (V s ) is considered to be constant, and the noncritical load (Z nc ) is resistive type. The operating mode of ES-2 can thus be determined by observing the vector positions of ES voltage (V es ) and noncritical load voltage (V nc ). From , pure capacitive and inductive modes can be accomplished by setting V es to be perpendicular to V nc (V es is 90°leading V nc for inductive mode and 90°lagging V nc for capacitive mode). For these operating modes, ES-2 only exchanges reactive power with the power source. The original noncritical load voltage (V nc , the blue-dotted vector when ES-2 is absent), which is in opposite direction to the mains voltage (V s ), is relocated to a new position V nc (solid blue line) after the introduction of V es . As a result, V s is decomposed into V es and V nc , which reduces the active power of noncritical loads. Thus, ES-2 in the inductive mode can reduce active power and increase reactive power, while ES-2 in the capacitive mode can reduce both active and reactive power. Fig. 2 (c) and (d) show the voltage vectors of ES-2 working in resistive and negative-resistive modes. In both the cases, only active power is exchanged between ES-2 and the power source. The ES-2 in resistive mode introduces V es , which suppresses V nc to V nc and thus reduces the active power of noncritical loads. In contrast, V es of negative-resistive mode increases V nc to V nc and thus boosts the active power of noncritical loads.
Based on these four primary operating modes, four hybrid secondary operating modes would be possible, as shown in Fig. 2 (e)-(h), in which active and reactive power are simultaneously exchanged between ES-2 and the power source. Specifically, the four secondary modes are, namely, the resistive plus inductive mode, resistive plus capacitive mode, negative-resistive plus inductive mode, and negative-resistive plus capacitive mode. In all the eight operating modes, the introduction of the V es can change the loading of the system and thus change the state of the line current.
B. Principle of ES-2 for PFC
One particular application of ES-2 and its eight operating modes is PFC, which is used to minimize reactive power exchange by controlling the loading current to be in phase with the mains voltage. This technique is common in high-voltage transmissions with centralized compensation. In future smart grids, ES-2 can be installed in low-voltage distribution grid to perform the same task on the demand side.
The hardware implementation of ES-2 for PFC is shown in Fig. 1 . The ES-2 here provides one regulated mains on its input and the other adaptive mains on its output. The noncritical load using the adaptive mains can help the utility companies to stabilize the power system and enhance the power quality. In the original ES implementation [12] , the "input voltage control" is implemented to address the voltage fluctuation caused by intermittent renewable energy. The simplified control diagram is given in Fig. 3 . Different from the ES-1 for voltage regulation, ES-2 is implemented with the "input current control" here to reduce the reactive power of the load bank.
In the setup shown in Fig. 1 , the line current (I) can be expressed as
where I is the line current, V s is the mains voltage, V es is the output voltage of ES-2, Z nc is the impedance of the noncritical load, and Z c is the impedance of the critical load.
To further understand the relationship of I and V es , the distribution line impedance (Z line ) is taken into account, which leads to
Equation (3) shows that in a power system with given Z nc , Z c , and Z line , and a stable mains voltage V g (or in a weak power grid with unstable mains voltage, the ES is implemented to maintain a stable mains voltage), the ES voltage V es can be modulated to compensate for the line current I.
To assist the control design, further mathematic analysis is conducted here. In a power system with fixed operating frequency (i.e., f s = 50 Hz), all the parameters in fundamental frequency can be expressed in the form of vectors and be located in one synchronous frame. When V g is chosen as the reference vector (V g = |V g | 0°), these vectors can have constant amplitude and phase angle. By applying the notations given in (4) and (5), (3) is further transformed into (6) as
Equation (6) indicates that one single set of solution of fundamental active and reactive ES voltage (V esd_1st and V esq_1st ) can be determined with the given fundamental active and reactive line currents (i.e., the references of fundamental active and reactive line current, I d_ref_1st and I q_ref_1st ). In the control design, the fundamental active ES voltage (V esd_1st ) is used to regulate the d component of the fundamental line current (I d_1st ), and the fundamental reactive ES voltage (V esq_1st ) is left to compensate the q component of the fundamental line current (I q_1st ).
C. Principle of ES-2 for PFC
The usefulness of ES-2 in compensating the line current can be extended to reduce the harmonics generated by nonlinear load that commonly has a front-end converter for power modulation. Examples of nonlinear loads include power supplies for telecom systems, banking machines, and servers. Obviously, certain nonlinear loads such as banking machine require a stable power supply and thus can be considered as critical loads. The ES and its associated noncritical load can be used to remove the adverse effects caused by nonlinear loads. The principle of using the ES to remove the harmonics in line current can be mathematically expressed by rewriting (1) in sinusoidal form and extending it with the consideration of the harmonics. To simplify the analysis, noncritical load is considered as pure resistive load in (7) , as shown at the bottom of the next page, in which i denotes the order of harmonics, ω denotes the fundamental frequency, θ I θ V s θ Ves_i θ Ic_i are, respectively the phase angle of line current, mains voltage, ES voltage, and critical load current.
To mitigate the harmonics, the second part on the righthand side of (7) must be equal to zero, so that I contains only a fundamental component. Thus, this requires ES-2 to generate corresponding voltage harmonics, which are of the same orders as the harmonics in I c . The remaining first part on the left-hand side of (7) represents the filtered line current at the fundamental frequency.
D. Load-Dependent Characteristics
The above assumption of noncritical load as pure resistive load is not a necessary condition in implementing an ES system [15] [16] [17] . Here, (1) is rewritten as (8) to evaluate the impact of noncritical loads on the operation of the ES
The second part on the right-hand side of (8) indicates the variable part of noncritical current ( I nc ) with respect to the ES voltage. In the synchronous frame established in Section II-B, the second part on the right-hand side of (8) can be rewritten as ⎧ ⎨
if the power factor of the noncritical load is considered.
Equation (9) further gives
From (9) and (10), two general conclusions can be drawn on the impact of noncritical load on the operation of the ES system as follows.
1) The power factor of noncritical load has no impact on the dispatchable range of noncritical load current. The amplitudes of ES voltage and load impedance determine the boundary of this dispatchable range. 2) The power factor of the noncritical load determines the weighting of V es_d and V es_q on I nc_d and I nc_q . For the case of pure resistive load, I nc_d and I nc_q are, respectively, dependent on V es_d and V es_q .
III. INPUT CURRENT CONTROL OF ES-2 FOR POWER QUALITY IMPROVEMENT
A. Structure of Input Current Controller
Based on the above discussion, an input current controller should be used for ES-2 in regulating the line current. The complete input current control consists of two parts, one for reactive power compensation and the other for harmonics cancellation. These two parts can operate independently or collectively.
The first part for reactive power compensation is highlighted with the blue rectangle, as shown in Fig. 4 . A fast Fourier transformation (FFT) is set up to derive the frequency sequences of line current. The fundamental line current is fed back and decomposed into active (I d_1st ) and reactive (I q_1st ) current. Equations (11) and (12) give the mathematical expressions of the "polar to d-q" transformation, and Fig. 5 shows the corresponding block diagram
T n A sin(ωt + θ) cos(ωt)dt. (12) To minimize the reactive power consumption of the load bank, the reference of reactive line current (I q_ref_1st ) is set to be zero (I q_ref_1st = 0 A). The reference of active line current (I d_ref_1st ) is set to keep the total active power unchanged. I d_1st and I q_1st are compared with their references (I d_ref_1st and I q_ref_1st ). Two PI controllers are set up to process the error of the respective active and reactive current in generating the fundamental active and reactive ES voltage reference (V esd_ref_1st and V esq_ref_1st ). The mathematical expressions of the control are given as
The control loops inside the red box in Fig. 4 are the part of the input current control for harmonics mitigation. The harmonic currents in the second and higher orders acquired by the FFT block are sent to the controller. To remove the harmonics contained in line current, the amplitude of all the
I c_ith sin(i ωt + θ Ic i th ) 
B. Hardware Implementation of Input Current Controller
A prototype of the ES-2 system with the implementation of the "input current control" is developed. The hardware structure is shown in Fig. 6 . The power converter used for ES-2 is a half-bridge inverter with batteries on dc link and with an LC output filter. In the hardware setup, a relay is connected across the output capacitor to bypass ES. This arrangement can show the different conditions in the system before and after ES-2 is switched ON. Blocks including feedback processing block, phase lock loop for synchronization, d − q transformation block for decoupling, and sinusoidal pulsewidth modulation for inverter control are also set up. The controller is implemented in dSpace 1104. The sampling frequency is set to be 10 kHz. The PWM pulse has a switching frequency of 20 kHz and a deadband of 20 nS. The specifications of the hardware setup are given in Table I .
IV. EXPERIMENTAL RESULTS
A. ES-2 for Reactive Power Compensation in a Stiff Power System
A low-voltage single-phase power system is set up as shown in Fig. 7 . It consists of a constant ac power source, a short Table II . The ES-2 is programmed to perform reactive power compensation with the input current control. A capacitiveresistive and an inductive-resistive critical load with low PF are used, respectively, to examine the reactive power compensation capability of ES-2. In the middle of operations, the noncritical load is changed from 120 to 150 for evaluating the dynamic response of the ES system. Measured waveforms of the operating states of the system with a capacitive-resistive critical load are recorded in Fig. 8(a) . The enlarged waveforms of the two transient states when ES-2 is turned ON and the noncritical load is changed from 120 to 150 are also included. It can be observed that the ES can react fast enough to the change in noncritical load. Measured waveforms of the first steady states of the system when ES-2 is inactivated are shown in Fig. 8(b) . The system has a PF of 0.94 (leading). Measurements of the second steady states of the system are shown in Fig. 8(c) . ES-2 operates in inductive mode to compensate the phase angle of line current (I) to 1°, and the PF of the system is corrected to 0.99 (leading). Measurements of the third steady states are recorded in Fig. 8(d) to show the operation of the ES system after the noncritical load is changed to 150 . The PF remains compensated to 0.99 (leading), when ES-2 operates in inductive mode and generates a compensation voltage with a larger RMS value to match the new load condition.
The second experiment is conducted with an inductiveresistive critical load. ES-2 is turned ON to correct PF to be close to 1.0. Fig. 9(a) shows the measured waveforms of operating states of the ES-2 system and the enlarged waveforms of two transient states when ES-2 is turned ON and the noncritical load is changed from 120 to 150 . In the first steady states shown in Fig. 9(a) , the system is uncompensated and has PF of 0.94 (lagging). In the second steady states shown in Fig. 9(b) , ES-2 operates in capacitive mode to correct the PF of the system to 0.99 (lagging). Measurements of the third steady states of the system after the noncritical load are changed to 150 are shown in Fig. 9(c) . The PF of the system remains at 0.99 (lagging), when ES-2 operates in capacitive mode and generates a compensation voltage with a larger RMS value to match the new noncritical load condition. 
B. ES-2 for Harmonic Reduction
This experiment shows the validity of ES-2 in reducing current harmonics. The input current controller modulates the ES-2 voltage to filter line current to be near-sinusoidal. In the middle of the operation, the noncritical load is changed from 120 to 150 to test the dynamic response of the ES-2 system. Measurements of the operating states of the system are shown in Fig. 10(a) . The waveforms of the two transient states when the ES is activated and the noncritical load is changed are enlarged. It can be observed that the ES system reacts fast enough to cope with the sudden change in load condition. Fig. 10(b) shows the measurements of the first steady states of the system before ES-2 is turned ON. The line current (I) is severely distorted due to the implementation of the nonlinear load. Measured waveforms of the second steady states of the system when the ES is activated are shown in Fig. 10(c) . ES-2 generates the counteracting harmonic voltage to compensate the nonlinear load. The waveform of the line current (I) is significantly improved. Measurements of the third steady states after the noncritical load is changed are shown in Fig. 10(d) . The ES-2 generates a harmonic voltage with a larger RMS value to match the changed noncritical load condition.
C. Combined Operation of ES-1 and ES-2
In this experiment, a weak grid with unstable mains voltage is emulated with a programmable power source. A large critical inductive load is used to simulate a power grid with a low power factor. Two ESs (ES-1 and ES-2) associated with their respective noncritical loads are set up as shown in Fig. 11 . Both noncritical loads are assumed to be of resistive type. ES-1 is used to reduce the mains voltage fluctuation. The control algorithm shown in Fig. 3 is adopted here [12] . ES-2 implemented with the input current control is used to improve the power factor. The specifications of the system are given in Table III .
The experimental results in Fig. 12 repeat the useful function of ES-1 to stabilize the mains voltage. Fig. 13 shows the power of critical load. It can be seen that the fluctuation of mains voltage is flattened and a stable power supply for critical load is guaranteed after ES-1 is switched ON. With the stabilized mains voltage, ES-2 can carry out PFC using the input current control. Fig. 14 shows that the PF of the load bank is improved from 0.89 (lagging) to 0.99 (lagging). Thus, it can be confirmed that the joint operation of ES-1 and ES-2 is helpful in improving grid stability and enhancing power quality.
V. CONCLUSION
The use of ESs for stabilizing the mains voltage and frequency in microgrids has previously been reported. This approach forms a new kind of combined smart load and distributed energy storage technology. This project explores the additional functions of ES-2 associated with batteries for power quality improvements. The principles and operations of ES with active power sources are analyzed for providing power quality improvement while maintaining the mains voltage stabilization. A design of an input current controller allowing the ES to operate like a power factor corrector is presented and practically verified. The joint operation of ES-1 in stabilizing the mains voltage and ES-2 in performing PFC has been experimentally confirmed in a single-phase hardware power system setup. The experimental results indicate the promising performance of the ES technology as a future distributed demand-side management and distributed energy storage solution.
